SUMMARY The effects of acute renovascular hypertension on the sympathetic nervous system, regional blood flow and cardiac function were studied in conscious dogs submitted to renal artery occlusion by inflation of a cuff implanted previously around one renal artery. We then compared the alterations in plasma renin and catecholamine levels and in the various hemodynamic parameters induced by those maneuvers in intact dogs, to those in dogs pretreated with a-and /?-adrenergic receptor blockers. Subsequently, the converting enzyme inhibitor teprotide was administered to inhibit angiotensin formation in both experiments. Our results suggest that both the renin-angiotensin system and the sympathetic system contribute to the rise in blood pressure. The hemodynamic changes and alterations in regional blood flows accompanying this acute hypertension appear to be due mostly to the increase in plasma angiotensin, since prior adrenoceptor blockade only attenuated their magnitude but did not alter their direction. However, angiotensin-induced coronary vasoconstriction was observed only in adrenergically blocked but not intact animals, probably because of the protective effect of baroreceptor-mediated reflex sympathetic coronary vasodilation. Circ Res 47: 356-365, 1980 GOLDBLATT type hypertension induced by renal artery stenosis is due for the most part to the peripheral vasoconstrictor effect exerted by the acutely stimulated renin-angiotensin system (Goldblatt, 1958; Bianchi et al., 1970) . This is indicated by the fact that renin increases manyfold within minutes after constriction of a renal artery, and that elimination of angiotensin II [either by inhibition of the angiotensin-converting enzyme with teprotide (Miller et al., 1972) or by competitive antagonism of angiotensin II by its structural analog saralasin (Ayers et al., 1974) ] can prevent or reverse hypertension in this model. However, the vasoconstrictor and cardiac inotropic effects of angiotensin II might in part be adrenergically mediated, since angiotensin has been shown to stimulate central sympathetic vasomotor neurons and to potentiate the cardiovascular responses to sympathetic nervous stimulation or to administration of sympathomimetic agents (Ferrario et al., 1972; Reit, 1972) . A complex interaction between the renin-angiotensin system and the sym-
GOLDBLATT type hypertension induced by renal artery stenosis is due for the most part to the peripheral vasoconstrictor effect exerted by the acutely stimulated renin-angiotensin system (Goldblatt, 1958; Bianchi et al., 1970) . This is indicated by the fact that renin increases manyfold within minutes after constriction of a renal artery, and that elimination of angiotensin II [either by inhibition of the angiotensin-converting enzyme with teprotide (Miller et al., 1972) or by competitive antagonism of angiotensin II by its structural analog saralasin (Ayers et al., 1974) ] can prevent or reverse hypertension in this model. However, the vasoconstrictor and cardiac inotropic effects of angiotensin II might in part be adrenergically mediated, since angiotensin has been shown to stimulate central sympathetic vasomotor neurons and to potentiate the cardiovascular responses to sympathetic nervous stimulation or to administration of sympathomimetic agents (Ferrario et al., 1972; Reit, 1972) . A complex interaction between the renin-angiotensin system and the sym-pathetic nervous system has been described in a variety of experiments, both in vitro (Peach 1971) and in vivo . It also is well established that renin release is at least partially adrenergically mediated, being activated through /J-adrenergic receptors (Winer et al., 1969) and inhibited by a-adrenergic receptors (Pettinger et al., 1976 , Strang et al., 1977 . These data indicate that the renin-angiotensin and the adrenergic systems are interrelated, and that any hemodynamic effects attributed to changes in one system also may be affected by concomitant alterations in the other.
In previous studies, we have shown in normotensive animals that stimulation of renin release by sodium depletion and block of its effects with the angiotensin-converting enzyme inhibitor, teprotide, induced characteristic changes in systemic hemodynamics and in the distribution of regional blood flows to various organs . In the present work, we measured changes in plasma renin and catecholamines as well as hemodynamic changes following acute renin-dependent hypertension before and after converting enzyme inhibition with teprotide. We attempted to dissect the angiotensin mediated from the adrenergically mediated effects by comparing findings for normal dogs submitted to acute renal artery stenosis, to those obtained by the same maneuver in animals with a-and yS-adrenoceptor blockade. Our results suggest that both the renin-angiotensin and the sympathetic systems contribute to the rise in blood pressure. The hemodynamic changes and alterations in regional blood flows accompanying this acute hypertension appear to be due mostly to the surge of plasma angiotensin II, since prior adrenoceptor blockade only attenuated their magnitude but did not alter their direction.
Methods

Experimental Preparation
Adult beagles weighing 7.6-14.3 kg were instrumented chronically for the study. They were anesthetized with sodium pentobarbital (25 mg/kg, iv), artificially ventilated with a Harvard respirator, and prepared for sterile surgery. A left flank incision was made to expose the left kidney. A Jones' balloon occluder (i.d. 3.5 mm) was placed around the left renal artery and the wound closed. A left thoracotomy then was done through the 5th intercostal space for insertion of heparin-filled Tygon catheters (i.d. 1.02 mm) into the main pulmonary artery, left atrium, and the descending thoracic aorta. In addition, a micromanometer was inserted into the left ventricle via a stab wound at the apex. The catheters and micromanometer tubing were exteriorized in the interscapular area and secured at the back of the dog's neck. After the thoracotomy had been closed, the dog was given veterinary procaine penicillin G, 600,000 units, intramuscularly. Subsequently, tetracycline (250 mg) and ferrous sulfate (325 mg) were given orally every day.
Seven to 10 days after surgery, the dog was restrained lightly in a lateral decubitus position. A French 7 catheter was inserted into the right external jugular vein under local lidocaine anesthesia and advanced into the coronary sinus under fluoroscopy. All catheters were connected to Statham P23Db pressure transducers. These transducers and the left ventricular micromanometer then were connected to a multichannel Brush 480 recorder in order to measure pressures and heart rate. The first derivatives of both left ventricular pressure and mean aortic blood pressure were obtained electronically. The ratio of dP/dt to a developed left ventricular pressure of 50 mm Hg was calculated for 10 consecutive cardiac cycles using a PDP-11/10 minicomputer. This pressure occurred during isovolumic systole; this ratio is referred to as dP/dt/P (Davidson et al., 1974) .
Cardiac output was determined by indocyanine green (Cardio-Green) injected into the pulmonary artery, using a Gilford model 140 cardiac output system. Regional blood flows were determined by a modification of the radioactive microsphere method of Rudolph and Heymann (Rudolph and Heymann, 1967) . Microspheres (450,000), 15 ± 3 m/i in diameter and labeled with cerium-141, tin-113, strontium-85, or scandium-46 at a specific activity of 10 mCi/g, were injected into the left atrium, followed immediately by 10 ml of normal saline injected over a 30-second period. Each of these isotopes was used for a single measurement so that, during the course of our entire study, all four were given sequentially. Arterial reference blood was withdrawn with a Harvard pump at a rate of 7.75 ml/min, beginning 10 seconds before the injection of microspheres and continuing for 80 seconds thereafter. The content of radioactivity in each organ was measured in a Packard well-type y spectrometer with a model 9012 multi-channel analyzer at the appropriate y photon energy for each of the radionuclides. Correction was made for spread of the radioactivity from one isotope into the photon energy window of other isotopes, using the method of four simultaneous equations. Absolute blood flow to each organ was calculated on a PDP-11/10 minicomputer by the reference sample method: tissue blood flow (ml/100 g per min) = arterial reference flow (ml/min) X tissue weight (g). Mean aortic blood pressure was divided by cardiac output or organ blood flow to yield the total peripheral or regional organ vascular resistance.
Arterial and coronary sinus venous blood samples were obtained to measure oxygen content by gas chromatography (Ramsey, 1959) . Blood oxygen capacity was measured by a cyanmethemoglobin method (Hickman and Fraser, 1949) . Arterial samples were taken for measuring plasma renin activity (Sealey et al., 1972) , norepinephrine, and epinephrine (Peuler and Johnson, 1977) . Left ventricular blood flow was used to calculate myocardial oxygen consumption, and diastolic coronary vascular resistance (Liang and Lowenstein, 1978) . Left ventricular work was calculated by the conventional formula (Liang and Lowenstein, 1978) .
Experimental Protocol Renal Artery Occlusion
Experimental animals were divided into two groups: 13 normal dogs and 14 dogs pretreated with propranolol (0.5 mg/kg, iv) and phentolamine (5 mg/kg, iv). Experiments were begun 30 minutes after the drug treatments in the latter group. Degrees of a-and /3-adrenergic receptor blockade were determined, before the drug administration and at the end point of the experiment, by measuring responses to mean aortic blood pressure and heart rate to norepinephrine and isoproterenol, respectively.
The left renal artery was occluded by inflating the Jones balloon previously implanted around the artery in either group of the animals after a 20-minute control period. Systemic hemodynamic measurements were obtained at 5-minute intervals during both the control period and 20-40 minutes after renal artery occlusion. These repeated measurements were averaged for each period for each dog. The average values are reported as the control and renal artery occlusion data in Results. Blood Values are mean ± SE. The numbers of experiments and body weights of the dogs are given in parentheses after each subheading. ' P < 0.001 and $ P < 0.05, compared to control, as determined by student's (-test for paired comparisons. " P < 0.01 and ft^1 < 0.001, compared to control values in normal animals, as determined by Student's non-paired Mest.
gases, plasma renin activity, norepinephrine, epinephrine, and organ blood flow measurements were made immediately before and 30 minutes after renal artery occlusion. At 40 minutes after renal artery occlusion, the dog was given intravenously normal saline (2 ml) or teprotide (0.5 mg/kg). Systemic hemodynamic measurements were continued at 5-minute intervals for 20 minutes, and blood gas and organ blood flow measurements were repeated 15-20 minutes after normal saline or teprotide administration. Furthermore, 1 jug [Asp 1 , Ile 5 ]angiotensin I (Schwarz-Mann Div., Becton-Dickinson and Company) was administered intravenously both before and 20 min after normal saline or teprotide administration to determine the pharmacological blockade produced by teprotide.
Release of Renal Artery Occlusion
Renal artery occlusion was released by deflating the Jones balloon occluder after 40-60 minutes of occlusion in eight dogs. Systemic hemodynamics were measured before and 20 minutes after the release.
Statistical Analysis
The experimental results are expressed in mean ± SE. Student's t-test was used to determine the statistical significance of the difference between two means. However, the effects on systemic hemodynamics of teprotide in comparison with normal saline were determined statistically with two-way analysis of variance for two independent groups with trend analysis (Winer, 1971 ) and Dunnett's test (Dunnett, 1964) . The difference was considered significant if P < 0.05.
Results
Hemodynamic Effects of Phentolamine and Propranolol Pretreatment
Significant a-and /8-adrenergic receptor blockade was produced by phentolamine and propranolol pretreatment. Prior to sympathetic blockade, the doses of isoproterenol and norepinephrine required to accelerate heart rate by 25 beats/min and to raise mean aortic blood pressure by 25 mm Hg were 1.5 ± 0.3 and 7.4 ± 0.6 jug, respectively. The corresponding doses at the end of the experiment were 39.7 ± 7.7 and 62.6 ± 11.6 jug, respectively (P < 0.001 for both values). Table 1 shows that the control values (prior to renal artery occlusion) of mean aortic blood pressure, left atrial pressure, and left ventricular dP/dt and dP/dt/P were lower in the phentolamine and propranolol-pretreated dogs than in the normal dogs, using nonpaired £-test. In addition, heart rate was higher in the former group, but cardiac output and total peripheral vascular resistance did not differ between the two groups.
Effects of Acute Renal Artery Occlusion on Plasma Renin Activity and Catecholamine Concentrations
Acute renal artery occlusion increased arterial plasma renin activity and norepinephrine and epi- Values are mean ± SE; n = 13. * P < 0.05, tP < 0.001, and §P < 0.01, compared to control as determined by Student's Mest for paired comparisons.
nephrine concentrations in normal dogs (Table 2) . Plasma renin activity also increased in phentolamine and propranolol-pretreated dogs after renal artery occlusion. The control values of plasma renin activity and catecholamine concentrations, however, were significantly higher in the latter group of animals. Furthermore, arterial catecholamine concentrations decreased after renal artery occlusion in these animals
Hemodynamic Responses to Acute Renal Artery Occlusion
Acute renal artery occlusion increased mean aortic blood pressure and total peripheral vascular resistance in both nontreated and phentolamineand propranolol-pretreated dogs (Table 1) . However, the increases were less in the latter group. Heart rate, cardiac output, left atrial pressure, left ventricular dP/dt and dP/dt/P did not change significantly in either group of animals during renal artery occlusion. Tables 3 and 4 show that myocardial blood flow was not altered significantly by renal artery occlusion in the two groups. Furthermore, left ventricular work, oxygen consumption, diastolic coronary vascular resistance and coronary sinus oxygen saturation did not change (Table 5 ). In contrast, renal artery occlusion increased diastolic coronary vascular resistance and reduced coronary 1.5 ± 0.1 1.3 ±0.1 5.9 + 0.9 1.3 ± 0.1 2.4 ± 0.4 13 ± 1 0.5 ± 0.0 0.5 ± 0.0 0.6 ± 0.1 3.8 ± 0.5 0.9 ± 0.5 2.5 ± 0.3 11 ± 1.0 33 ± 6 25 ± 3 6.6 ± 1.3 3.3 ± 0.4 (mm Hg/ml per min) Occlusion 2.1 ± 0.1} 2.0 + 0.3 § 7.4 ± 2* 1.6 + 0.1* 3.7 ± 1.1 22 ± 3* 43 ±6* 1.0 ±0.1* 1.6 ± 0.4* 6.0 ± 0.4} 1.6 ± 0.9 4.9 ± 0.4} 13 + 1.6* 34 ± 10 30 ± 5 4.4 ± 0.7 3.8 ± 0.3
Values are mean ± SE; n = 14. * P < 0.01, %P < 0.001, and comparisons.
§P < 0.05 compared to control, as determined by Student's Mest for paired Diastolic coronary vascular resistance (dyn-sec-cnT'' x 10"') 53.5 ± 7.0 59.5 ± 7.0 24.2 ± 2.7 31.4 + 3.1* Coronary sinus oxygen saturation (%) 13.2 ± 1.9 14.4 ± 1.8 15.1 + 1.6 11.2 ± 1.6^L eft ventricular work (kg-m/min per 100 g) 7.9 ± 0.7 8.1 + 0.7 6.0 ± 0.7 6.4 ± 0.8
Myocardial oxygen consumption (ml/100 g per min)
11.1 ±0.9 10.9 ± 1.1 10.2 + 0.2 10.1 ± 0.2
Values are mean ± SE. The numbers of experiments and body weights of the animals are the same as in Table 2 . * P < 0.001 and $P < 0.01, compared to control, as determined by Student's Mest for paired comparisons.
sinus oxygen saturation in the dogs pretreated with phentolamine and propranolol. Tables 3 and 4 show the changes in organ blood flow and vascular resistance in the two groups of dogs after renal artery occlusion. In both groups, there was a decrease in blood flow to the brain, adrenal glands, stomach, and the contralateral intact kidney, and, in the adrenergically blocked animals, to the gastrointestinal tract as well. Other organ blood flows did not change significantly. Vascular resistance increased in the brain, right ventricle, adrenals, kidneys, liver, pancreas, and the gastrointestinal tract, in both groups, and also in lungs and left ventricle in the dogs pretreated with phentolamine and propranolol. However, it did not change significantly in skin and skeletal muscle.
Effects of Teprotide Administration during Acute Renal Artery Occlusion
The pressor response to angiotensin I was blocked by teprotide in both groups of dogs but was not affected significantly by normal saline during acute renal artery occlusion (Table 6) . Figure 1 and 2 show that teprotide reduced mean aortic blood pressure and total peripheral vascular resistance in the nontreated and phentolamine-and propranolol-pretreated dogs. Cardiac output increased transiently after teprotide administration in both groups, but heart rate increased only in the nontreated dogs. In contrast, normal saline administration did not produce any of these changes. Neither left ventricular dP/dt nor dP/dt/P was affected by teprotide or normal saline. Values are mean ± SE; n denotes numbers of experiments in each group. * P < 0.001, compared to before, as determined by Student's Mest for paired comparisons.
Plasma renin activity increased significantly after teprotide administration in the nontreated (18 ± 3 to 25 ± 3 ng/hr per ml, P < 0.01) and phentolamineplus propranolol-pretreated dogs (24 ± 3 to 35 ± 3 ng/hr per ml). It did not change significantly after normal saline administration. Plasma catecholamines also did not change after teprotide or normal saline administration.
In nontreated dogs, teprotide administration had no effects on left ventricular blood flow (140 ± 18 to 155 ± 24 ml/100 g per min), myocardial oxygen consumption (11 ± 1 to 12 ± 1 ml/100 g per min), diastolic coronary vascular resistance (56.9 ± 11.1 to 44.6 ± 10.4 dyn sec cm" 5 ), coronary sinus oxygen saturation (13 ± 2 to 11 ± 2%), or left ventricular work (7.9 ± 1.1 or 7.7 ± 0.9 kg-m/min). In contrast, the increase in diastolic coronary vascular resistance was reduced by administration of teprotide in phentolamine plus propranolol-pretreated dogs (Fig. 3) . Teprotide also increased coronary sinus oxygen saturation in these animals but did not change left ventricular blood flow (136 ± 12 to 133 ± 14 ml/100 g per min), myocardial oxygen consumption (10 ± 1 to 9 ± 1 ml/100 g per min), or left ventricular work (6.3 ± 1.0 to 5.6 ± 1.0 kg/m per min). These parameters of coronary circulation were not affected by normal saline administered during acute renal artery occlusion.
Teprotide increased blood flow to the right kidney (362 ± 26 to 438 ± 43 ml/100 g per min) and adrenal glands (303 ± 36 to 365 ± 48 ml/100 g per min) in nontreated dogs. In the phentolamine-plus propranolol-pretreated dogs, only the increase in flow to the right kidney was significant (301 ± 40 to 346 ± 27 ml/100 g per min). In both groups of dogs, teprotide administration reduced vascular resistance in the brain, adrenal glands, kidney, liver, pancreas, and the gastrointestinal tract (Fig. 4) . The changes in organ blood flow and vascular resistance did not occur after administration of normal saline.
Effect of Release of Renal Artery Occlusion
The increases in mean aortic blood pressure and total peripheral vascular resistance produced by renal artery occlusion were reversed by release of the occlusion (Table 7) . Simultaneously, heart rate increased and left atrial pressure fell, but cardiac 
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FIGURE 1 Hemodynamic changes induced by acute renal artery occlusion followed by administration of teprotide (solid line) or normal saline (dotted line) in intact dogs. Arrows indicate the point at which teprotide or saline was injected. * P < 0.05 by Dunnett's test.
output and left ventricular dP/dt and dP/dt/P did not change significantly. The release of renal artery occlusion, however, did not produce statistically significant changes in diastolic coronary vascular resistance, coronary sinus oxygen saturation, left ventricular work, left ventricular blood flow, or myocardial oxygen consumption (Table 8) .
Discussion
The purpose of this study was to investigate the interaction between the renin-angiotensin and the sympathetic systems after induction of acute renovascular hypertension as well as the effect of this maneuver on regional blood flow and on myocardial metabolism and hemodynamics.
Acute constriction of one renal artery resulted in a sharp elevation of blood pressure accompanied by stimulation of the renin-angiotensin system, as expected (Goldblatt, 1958; Bianchi et al., 1970; Miller et al., 1972; Ayers et al., 1974) . Plasma catecholamines also increased sharply, with norepinephrine exhibiting a 2-fold and epinephrine a 3-fold incre- Values are mean ± SE; n = 8. ' P < 0.01 and %P < 0.05 compared to control as determined by Student's (-test for paired comparisons.
TABLE 8 Effects of Release of Renal Artery Occlusion on Coronary Circulation and Myocardial Metabolism
Renal artery ment. Since a higher blood pressure would be expected to reduce the sympathetic outflow through a baroreceptor reflex, it also might be expected to result in lowering of circulating catecholamines. It is probable, therefore, that the elevated angiotensin II concentration acted on the adrenal medulla to stimulate release of catecholamines. This hypothesis is supported further by the finding that epinephrine exhibited a more pronounced elevation than did norepinephrine. Alternatively, sympathetic stimulation could have been a primary event.
The acute hypertension produced by these alterations was characterized by a marked elevation in total peripheral vascular resistance. However, there was no significant change in other hemodynamic parameters such as cardiac output, heart rate, or myocardial contractility. These findings are in agreement with those of Bianchi et al. (1970) who found that the onset of acute renovascular hypertension was associated with sharp increments in blood pressure and total peripheral vascular resistance, but no change in cardiac output or cardiac rate. Likewise, there were no changes in left ventricular work or in myocardial metabolism as shown 
FIGURE 4 Changes in local vascular resistance of various organs induced by acute renal artery stenosis (dotted bars) followed by administration of teprotide (hatched bars) in intact dogs (upper panel) and dogs pre-treated with a-and fi-adrenoceptor blockade (lower panel).
by the unaltered myocardial oxygen consumption and coronary sinus oxygen saturation. Despite the increase in total peripheral vascular resistance, the resistance of the coronary vessels remained almost unchanged. It is possible that the direct coronary vasoconstrictor action of angiotensin was offset by concomitant /?-adrenergic vasodilator effects on and/or withdrawal of a-vasoconstrictor tone in the coronary circulation.
The preferential increase in vascular resistance and simultaneous decrease in blood flow in the brain, adrenal glands, kidneys, liver, pancreas, and gastrointestinal tract observed in this experiment is in keeping with results of a number of studies which have shown that the vascular beds of various organs display varying degrees of sensitivity to the action of exogenous vasoconstricting stimuli. Thus, exogenous angiotensin increases local resistance more in the renal and coronary vessels (Barbour and Bailie, 1973; Hollenberg et al., 1974; Heyndricks et al., 1976) whereas adrenergic stimulation exerts a greater constricting effect in the muscular and cutaneous vessels (Mark et al., 1972) . The changes observed in the present study represent the first account of what happens after acute stimulation of renin secretion with elevation of endogenous angiotensin and catecholamines, and they confirm that endogenous vasoactive factors as well exert a selective effect in different vascular beds.
When acute renin-dependent hypertension had been established, elimination of angiotensin II by inhibition of the angiotensin converting enzyme with teprotide resulted in a number of hormonal and hemodynamic changes (vide infra). Blood pressure fell significantly, heart rate increased, total peripheral vascular resistance returned to baseline levels, and cardiac output which had shown a slight, nonsignificant decrement, increased transiently to levels above the baseline. Administration of normal saline did not produce any of these changes. Plasma renin activity was stimulated further, probably due to hypotension and to interruption of the negative feedback control of renin release exerted normally by angiotensin II. However, plasma catecholamine levels remained unchanged. This suggests that neither the fall of blood pressure at that stage nor the postulated accumulation of angiotensin I and, possibly, of bradykinin (Williams and Hollenberg, 1977) , with their potential for adrenomedullary stimulation (Peach, 1972) , actually had caused further release of catecholamines.
Those parameters which remained unaltered by acute renal artery stenosis in these animals, namely left ventricular work, coronary sinus oxygen saturation, and myocardial oxygen consumption, remained unaffected by teprotide. Diastolic coronary vascular resistance, which tended to increase after acute renal artery constriction, showed a tendency to decrease below baseline levels after teprotide. These changes were less pronounced than those observed in normotensive dogs after stimulation of the renin angiotensin system by sodium depletion .
The fall in total peripheral vascular resistance after teprotide administration was associated with variable decrements in local vascular resistance in the brain, kidneys, adrenals, liver, pancreas and gastrointestinal tract. Blood flow increased to the kidneys and adrenals. No significant alterations in vascular resistance or blood flow were induced by teprotide in the muscular and cutaneous vasculature.
This redistribution of regional blood flows after elimination of angiotensin II also has been observed in experiments in which stimulation of the renin angiotensin system was achieved by sodium depletion which was accompanied by a fall of systemic arterial pressure along with elevation of total vascular resistance . Administration of teprotide to those animals, as in the present experiment, caused variable reductions of local resistance and a wide redistribution of blood flow in favor of the kidneys, adrenals, heart, and brain, at the expense of musculocutaneous tissues. It is noteworthy that similar alterations in regional blood flows and local vascular resistance occurred when elevation of angiotensin actually was associated with hypotension in that case and with hypertension in the present study. These findings confirm the selective effect of angiotensin on various vascular trees, depending on the different sensitivity of each organ vasculature.
Alpha-and /8-adrenergic blockade reduced aortic blood pressure, peripheral vascular resistance, and myocardial contractility. Heart rate increased probably because of vagal withdrawal, and cardiac output remained unchanged. Concomitantly, both plasma epinephrine and norepinephrine concentrations increased manyfold, and PRA more than doubled. These increases probably were due to a baroreceptor-mediated reflex, activated by hypotension and aiming at restoration of blood pressure.
Acute renal artery stenosis in these animals, whose baseline hormonal and hemodynamic parameters had been altered by a-and /8-adrenoceptor blockade, produced a number of reactions directionally similar to those of intact animals although attenuated: elevation of blood pressure and peripheral vascular resistance was less marked, and, starting from a lower baseline, attained final levels within the normal range for untreated animals. The already stimulated renin-angiotensin system was stimulated further by a 2-fold increase in plasma renin activity. Conversely, plasma catecholamine levels that had been stimulated by adrenoceptor blockade exhibited a significant decrease after acute renal artery constriction in these animals. This reaction was opposite to that observed in intact animals. A likely explanation for this discrepancy may be that in animals subjected to previous adrenoreceptor blockade, hypotension before renal artery stenosis already had maximally stimulated the sympathetic system in an effort to maintain blood pressure. Subsequent stenosis induced a moderate elevation of blood pressure, which was sufficient to interrupt this baroreceptor-mediated reflex and therefore resulted in decreased release of catecholamines, although their levels remained considerably higher than those obtained in the intact dogs.
The myocardial contractility, heart rate, cardiac output, left ventricular work, and myocardial oxygen consumption remained unaffected in these animals, as they had been in the intact animals. The major differences between the two groups was the response of diastolic coronary vascular resistance. In the intact group, coronary resistance remained almost unchanged under the combined influence of elevated angiotensin II and norepinephrine, tending to produce vasoconstriction, and more markedly elevated epinephrine, tending to produce vasodilation. Alternatively, the angiotensin-and norepinephrine-induced coronary constriction in these animals may have been offset by a baroreceptor reflex which caused withdrawal of a-adrenergic vasoconstrictor tone on the coronary circulation. In the pretreated group, preexisting angiotensin stimulation was enhanced further by renal artery constriction, while preexisting maximal adrenergic stimulation actually decreased, thus leading to a net effect of overriding vasoconstrictor activity and increase in the previously lowered coronary resistance. This was accompanied by a fall in oxygen saturation of blood from the coronary sinus.
Under the influence of increased systemic blood pressure and the combined vasoconstrictor and dilator actions of angiotensin II, norepinephrine and epinephrine, there was a redistribution of blood flows in various tissues. The changes were essentially similar in direction and magnitude to those observed previously in intact animals.
Elimination of angiotensin II by teprotide resulted in a fall of blood pressure and total peripheral resistance to levels below the baseline. Cardiac output exhibited a substantial increase. The elevated diastolic coronary vascular resistance returned to pre-stenosis levels and the varying degrees of reduction in local vascular resistance to various organs resulted in redistribution of regional blood flows directionally similar to that previously observed in the intact dogs. However, in these profoundly hypotensive animals, only the increase in renal blood flow was significant.
It is noteworthy that neither the acute elevation of angiotensin II nor its elimination by teprotide altered significantly the coronary vascular resistance and local blood flow when the adrenergic system was intact. Only in dogs pretreated with phentolamine and propranolol did elevation of endogenous angiotensin cause a significant increase in coronary vascular resistance. This increase, as well as the decrease in coronary sinus oxygen saturation observed after renal artery constriction, returned to normal after teprotide. The fact that these changes were not accompanied by any alteration in left ventricular work or myocardial oxygen consumption indicates that they were not the result of altered local metabolic demands but rather they represent a response to hormonal and sympathetic vasoactive effects. It appears that the autoregulatory mechanisms controlling cardiac circulation tended to minimize and equilibrate the reactions to combined angiotensin and adrenergic stimulation. With a-and ^-adrenoceptor blockade, the coronary vasculature became more vulnerable to the local constricting effect of angiotensin II.
In conclusion, our findings indicate that acute renal artery stenosis induces angiotensin-dependent hypertension enhanced by concomitant adrenergic stimulation, as indicated by marked elevation of plasma catecholamines. Hypertension is prevented partly by prior a-and /?-adrenoceptor blockade, despite more pronounced elevation of PRA and catecholamines. Changes in local vascular resistances of various organs and regional blood flow distribution differ in accordance with the variable sensitivity of the local vasculature to vasoactive stimuli. Partial reversal of these changes by teprotide indicates that they are mostly due to stimulation of the renin-angiotensin system since they are not substantially altered by prior treatment with a-and ^-adrenoceptor blockade.
